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Abstract
A search for the production of heavy partners of the top quark with charge 5/3 is per-
formed in events with a pair of same-sign leptons. The data sample corresponds to an
integrated luminosity of 19.5 fb−1 and was collected at
√
s = 8 TeV by the CMS exper-
iment. No significant excess is observed in the data above the expected background
and the existence of top-quark partners with masses below 800 GeV is excluded at a
95% confidence level, assuming they decay exclusively to tW. This is the first limit
on these particles from the LHC, and it is significantly more restrictive than previous
limits.
Published in Physical Review Letters as doi:10.1103/PhysRevLett.112.171801.
c© 2018 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license
∗See Appendix B for the list of collaboration members
ar
X
iv
:1
31
2.
23
91
v2
  [
he
p-
ex
]  
2 M
ay
 20
14

1Various extensions of the standard model (SM) address the hierarchy problem, caused by the
quadratic divergences in the quantum-loop corrections to the Higgs boson mass, by proposing
new heavy particles. Since the largest correction arises from the top-quark loop, a class of these
models, based on composite Higgs scenarios [1–4], predicts the existence of heavy partners of
the top quark to explain the cancellation of this correction. These “top-quark partners” are
expected to have masses close to the electroweak symmetry breaking scale and thus would
be accessible at the CERN Large Hadron Collider (LHC), located near Geneva, Switzerland.
They may also have exotic charge (5e/3 where −e is the charge of the electron) and in this
case would not contribute to the coupling of the Higgs boson to gluons [5]. Searches for such
top-quark partners explore parameter space that is not excluded by the recent observation of a
Higgs boson with properties consistent with those of the SM Higgs particle [6–14]. Theoretical
predictions suggest that searches in the mass region from 500 GeV to 1.5 TeV present the greatest
potential for discovery at the LHC [2, 15].
This Letter presents a search for exotic top-quark partners using LHC pp collision data collected
by the Compact Muon Solenoid (CMS) experiment at a center-of-mass energy
√
s = 8 TeV.
The analysis is based on a data sample corresponding to an integrated luminosity of 19.5 fb−1.
We look for the T5/3, an exotic top-quark partner with charge 5e/3. We assume that the T5/3
is pair-produced via either gluon fusion or quark annihilation and decays via T5/3 → tW+
followed by t → W+b (charge conjugate modes are implied throughout this Letter). Single
T5/3 production is not considered because it is more model dependent and presents a different
event topology [2].
We focus on the dilepton final state wherein, for one or both of the T5/3, its two W bosons
both decay into leptons, which will have the same charge. Due to the presence of the two bot-
tom quarks and the possibility of hadronic decays for one of the top-quark partners, this final
state also includes significant jet activity. The leptons considered in this analysis are electrons
and muons. The presence of leptons with the same electric charge (same-sign leptons) distin-
guishes this process from tt, making the contribution of the latter comparable to backgrounds
with much smaller cross sections: ttW, ttWW, ttZ, WWW, and same-sign WW. Because of its
large cross section, tt still contributes to the overall background through instrumental effects
such as charge misidentification in dilepton decays, as well as through tt events where the W
boson from one top quark decays leptonically and the second lepton arises from a b-quark de-
cay. Additional processes that contribute to the expected background include QCD multijets,
W/Z+jets, and dibosons (WZ and ZZ). A previous search using a signature of same-sign lep-
tons, multiple jets, and missing transverse energy was performed by the CDF experiment and
excludes T5/3 masses below 365 GeV at the 95% confidence level (CL) [16]. The CDF collabora-
tion also set a limit on the production of exotic quarks with charge −4e/3 [17].
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter. Muons are measured in gas-ionization detectors
embedded in the steel flux return yoke outside the solenoid. In addition, the CMS detector has
extensive forward calorimetry. A more detailed description of the CMS detector can be found
elsewhere [18].
Simulation of the pair production of top-quark partners was performed with the MADGRAPH 5.1.1 [19]
event generator, and twelve samples corresponding to values of the T5/3 mass from 350 GeV to
1 TeV were produced. The PYTHIA 6.426 [20] generator was used for parton showering, had-
ronization, and simulation of the underlying event. The CTEQ6L [21] parton distribution func-
2tions were used and the PYTHIA parameters for the underlying event were set to the Z2* [22]
tune. The detector response was modeled using GEANT4 [23]. The next-to-next-to-leading-
order cross section for T5/3 pair production was found using TOP++ [24] to vary from 5.3 pb at
the mass of 350 GeV to 3.4 fb at the mass of 1 TeV. The uncertainty on the cross section in the
mass range used for the analysis is about 5%.
The background processes include tt, W(→ `ν)+jets, Z/γ∗(→ ``)+jets, and dibosons (WZ and
ZZ). Additional low-rate SM processes were also considered: W±W±, WWW, ttW, ttWW, and
ttZ. These were all simulated by means of MADGRAPH with PYTHIA used for hadronization.
Next-to-leading-order or, where available, next-to-next-to-leading order cross sections were
employed [25, 26].
For all the simulated samples, the additional proton-proton interactions in each beam crossing
(pileup) were modeled by superimposing minimum bias interactions (obtained using PYTHIA
with the Z2* tune) onto simulated events, with the multiplicity distribution matching the one
observed in data.
This analysis relies on the reconstruction of three physical objects: electrons, muons, and jets.
The events are reconstructed using the CMS “particle-flow” event description algorithm [27,
28]. Candidate events are required to have at least two leptons with the same charge that
are within the detector acceptance (|η| < 2.4) and to have passed triggers based on dielec-
trons, dimuons, or electron-muon combinations. Here, η is the pseudorapidity defined as
η ≡ − ln[tan(θ/2)], where θ is the polar angle with respect to the counterclockwise beam direc-
tion. Candidate events must also have at least one good reconstructed primary vertex matched
to the track origins of the two selected leptons. Candidate electrons are reconstructed using
energy deposits in the ECAL and a track from the silicon detectors. The shape of the shower
in the ECAL must be consistent with that of an electron and the shower must be well matched
to the extrapolated track. Additional requirements are imposed to reject electrons produced
by photon conversions. The charge of each electron candidate is measured using three differ-
ent methods. Two of the measurements are based on two different tracking algorithms: the
standard CMS track reconstruction algorithm [29] and the Gaussian Sum Filter algorithm [30],
optimized to take into account the possible emission of bremsstrahlung photons in the silicon
tracker. The third measurement is based on the relative position of the calorimeter cluster and
the projected track from the pixel detector. All three measurements are required to be consis-
tent with the electron hypothesis. Muon candidates are required to be reconstructed by both
the silicon tracker and the muon system and the combined fit of the track must be of good
quality (χ2 per degree of freedom less than ten).
All selected leptons are required to be isolated. The isolation for each lepton is estimated by first
computing the scalar sum of the transverse momenta of all neutral and charged reconstructed
particle candidates, except the lepton itself, within a cone of size ∆R ≡ √(∆φ)2 + (∆η)2 around
the lepton, where φ is the azimuthal angle. This sum is then divided by the transverse mo-
mentum (pT) of the lepton to calculate the relative isolation (IR). The values for the cone size
and the maximum allowed IR are ∆R = 0.3 (0.4) and IR = 0.15 (0.20) respectively for electrons
(muons), as determined by optimization studies for CMS top-quark related analyses. An event-
by-event correction is applied to the computation of the lepton isolation in order to account for
the effect of pileup. Scale factors to correct for imperfect detector simulation are obtained using
the tag-and-probe method [31] for lepton identification and isolation as a function of lepton
pT and η. In addition, we define a category of “loose” leptons with some of the isolation and
identification requirements relaxed. The IR threshold for these leptons is increased from 0.15 to
0.60 for electrons and from 0.20 to 0.40 for muons.
3For the range of T5/3 masses accessible at
√
s = 8 TeV, the analysis exploits advanced tech-
niques in jet reconstruction for identifying highly boosted top quarks and W bosons that decay
hadronically. In particular, if the top quarks are highly boosted (pT > 400 GeV), their decay
products are collimated and merged into one jet. We use a “top-quark tagging” algorithm
based on identifying jet substructure [32] to reconstruct such merged top-quark jets. Jets are
clustered using the Cambridge–Aachen algorithm [33, 34], as implemented in FASTJET version
3 [35], with a distance parameter of R = 0.8 in η-φ space (CA8 jets). The CA8 top-quark jets
are required to have pT > 400 GeV and more than two subjets found by the top-quark tagging
algorithm. The jet mass must be consistent with the mass of the top quark and the minimum
pairwise mass of the three highest pT subjets is required to be greater than 50 GeV.
The decay products of W bosons from the T5/3 decay or from a highly boosted top quark, for
which the b quark is reconstructed independently, may also merge into a single jet. We use a
“jet pruning” algorithm [36] to identify the hadronic decay of such W bosons. This algorithm
also uses CA8 jets as inputs with the pruning parameters taken from the original theoretical
papers [37, 38]. CA8 W-boson jets are required to have pT > 200 GeV, exactly two subjets, and
their mass must be consistent with that of the W boson [39].
To account for W bosons and top quarks that are not highly boosted, jets are also reconstructed
using the anti-kT algorithm [40] with a distance parameter of 0.5 (AK5). These jets are required
to have pT > 30 GeV. If an AK5 jet overlaps with a top-quark jet or a W-boson jet (∆R < 0.8),
the AK5 jet is discarded.
All of the above categories of jets are required to have |η| < 2.4 and particle-flow jet iden-
tification [41]. Jet energy corrections are applied to account for residual non-uniformity and
non-linearity of the detector response. Jet energies are also corrected by subtracting the av-
erage contribution of particles from pileup [42, 43]. For the simulated samples, additional
smearing is applied to the jet pT (∼7–19% depending on η) in order to reproduce the jet energy
resolution observed in data. All jets must be ∆R ≥ 0.3 away from the selected leptons and, as
mentioned above, ∆R ≥ 0.8 away from any other jet. A correction to account for differences
in the identification efficiency of W-boson and top-quark jets between data and simulation is
applied [44].
The signal selection, optimized to yield the best signal sensitivity, requires:
• At least two isolated same-sign leptons as defined above with pT > 30 GeV. Between
each lepton and every top-quark jet, we require ∆R > 0.8.
• Dilepton Z-boson veto: M(ee) < 76 GeV or M(ee) > 106 GeV. This selection applies
only to the dielectron channel. If the muon charge is mismeasured, its momentum
will also be mismeasured so a selected muon pair from a Z boson will not fall within
this invariant mass range.
• Trilepton Z-boson veto: M(``) < 76 GeV or M(``) > 106 GeV where M(``) is the in-
variant mass of either one of the selected leptons and any other same flavor opposite-
sign lepton in the event with pT > 15 GeV that satisfies the loose lepton criteria.
• Nc ≥ 7, where Nc is the number of constituents identified in the event. For the
purpose of this selection, each AK5 jet and each lepton counts as one constituent.
Since a W-boson jet is assumed to correspond to a W boson, each such jet counts
as two constituents, corresponding to the W-boson decay products. Likewise, each
top-quark jet represents a top quark and counts as three constituents.
• HT > 900 GeV, where HT is the scalar sum of the pT of all selected jets and leptons
in the event.
4With these criteria, the signal efficiency is 10–13% for T5/3 masses between 750 and 1000 GeV.
The backgrounds associated with this analysis fall into three main categories. First, they may
originate from SM processes leading to prompt, same-sign dilepton signatures, including dibo-
son production (WZ and ZZ), ttW, ttWW, ttZ, W±W±, and WWW. The contribution of these
backgrounds is obtained from simulation.
The second category consists of events from processes with prompt, opposite-sign leptons, such
as tt and Drell–Yan production, in which one of the leptons is misreconstructed with the wrong
charge, leading to a same-sign dilepton final state. For muons in the pT range typical of the
dominant backgrounds, the charge misidentification rate is extremely small (of order 10−4) and
its contribution to the background is negligible [45]. For electrons, the charge misidentification
probability (∼10−3) is derived from a data sample dominated by Drell–Yan events obtained by
selecting dileptons with an invariant mass consistent with originating from the Z boson, using
the ratio of same-sign Z boson candidates to the total number of candidates. The number of
expected same-sign events due to charge misidentification is then estimated by considering the
total number of events passing the full selection, but having oppositely charged leptons. These
events are weighted by the charge misidentification probability parametrized as a function of
the electron pT and η to obtain the contribution of this background type.
The third category consists of events with one or more “non-prompt leptons”. This is the
primary instrumental background arising from jets being misidentified as leptons and non-
prompt leptons passing tight isolation selection criteria. This contribution is estimated using
the “Tight-Loose” method described in [46]. “Tight” leptons have the same definition as those
used in the analysis, whereas “loose” leptons are defined earlier. The background is estimated
by using events with one or more loose leptons weighted by the ratios of the numbers of tight
leptons to the numbers of loose leptons expected for prompt and non-prompt leptons. The
ratio for prompt leptons is determined from Drell–Yan events where the invariant mass of
the leptons is within 10 GeV of the Z boson mass. The non-prompt ratio is determined from a
sample enriched in background by requiring exactly one lepton, low missing transverse energy
(EmissT < 25 GeV), low transverse mass (MT < 25 GeV), and at least one jet (the “away-jet”)
with pT > 40 GeV and ∆R > 1.0 with respect to the lepton. The transverse mass is defined as
MT ≡
√
2p`TE
miss
T (1− cos∆φ) where ∆φ is the angle between the lepton transverse momentum
(p`T) and the direction associated with E
miss
T .
The systematic uncertainties that affect the signal and background acceptance include uncer-
tainties in the efficiency of the trigger (1%), lepton reconstruction and identification efficiency
(1% per lepton), pileup, and jet energy scale (JES). The uncertainties due to JES and pileup
are obtained by varying the respective quantities in simulation. For the signal, the JES and
pileup uncertainties in the acceptance correspond to 2% and 3%, respectively. For the simu-
lated backgrounds, they range from 3 to 6% depending on the sample. In addition, we assign
a constant 3% uncertainty due to the JES of CA8 jets for all simulated samples [44]. The dom-
inant uncertainty in the expected event yields due to backgrounds derived from simulation is
the overall normalization uncertainty. The WZ (17%), ZZ (5.1%), and ttW (32%) normalization
uncertainties are taken from Refs. [47], [26], and [48], respectively. For the other rare back-
grounds, we assume a conservative normalization uncertainty of 50% [49]. An uncertainty of
20% is assigned to the background contribution from charge misidentification, based on the
difference in the charge misidentification rate between Drell–Yan data and tt simulation. Fol-
lowing Ref. [45], we also assign a conservative additional systematic uncertainty of 50% in the
estimation of backgrounds due to non-prompt leptons. This uncertainty is based on closure
tests using tt and W+jets simulated samples and takes into account variations due to the away-
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Figure 1: The distribution of HT for all channels combined after the full selection except for
the HT requirement itself. The shaded band represents the total uncertainty in the predicted
backgrounds. The final bin includes all overflow events. The pull is defined as the difference
between the observed and expected values divided by the total uncertainty.
jet pT and the flavor composition of the background, thus also accounting for any potential
dependence on kinematic parameters that alter the background composition (such as HT). We
also include a 2.6% uncertainty due to the luminosity [50] for all event yields that are derived
from simulation.
The final numbers of observed and expected events are reported in Table 1 for each of the three
lepton channels (ee, eµ, and µµ) and their combination. Figure 1 shows the HT distribution for
all channels combined.
Table 1: Summary table of expected and observed numbers of events for all channels. The
background is composed of the same-sign component, the contribution due to charge misiden-
tification, and that due to misreconstructed leptons. All systematic uncertainties are included.
Also shown is the expected contribution from a T5/3 with mass 800 GeV.
Channel ee eµ µµ All
Same-sign 0.8 ± 0.2 1.9 ± 0.4 1.3 ± 0.3 4.0 ± 0.8
Chrg. misid. 0.06 ± 0.02 0.04 ± 0.01 — 0.11 ± 0.02
Non-prompt 1.9 ± 1.2 0.6 ± 0.9 0.3 ± 0.6 2.8 ± 1.9
Tot. bkgnd 2.7 ± 1.3 2.5 ± 1.0 1.6 ± 0.7 6.8 ± 2.1
Obs. events 0 6 3 9
T5/3 2.1 ± 0.1 4.7 ± 0.3 2.8 ± 0.2 9.7 ± 0.5
No significant excess is observed. Exclusion limits are computed at 95% CL by using the
ROOSTATS implementation [51] of the Bayesian approach. We use a cut-and-count method
and compare the numbers of observed events with the numbers of expected signal and back-
ground events. A flat prior is used for the signal production cross section. The event yields
from all lepton channels are combined when setting the limits. Upper bounds are set on the
production cross section of heavy top-quark partners assuming a 100% branching fraction (BF)
for the decay T5/3 → tW. The resulting expected and observed limits are shown in Fig. 2. The
expected lower limit on the mass of the T5/3 is 830 GeV and the observed limit is 800 GeV.
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Figure 2: Expected and observed 95% CL limits on the T5/3 production cross section times the
branching fraction for decay to same-sign dileptons. The 1σ and 2σ combined statistical and
systematic expected variations are shown as yellow (light) and green (dark) bands, respectively.
The use of recently developed jet substructure techniques in this analysis for identifying boosted
top quarks and W bosons enables us to probe cross sections of T5/3 pair production that are
between 10–20% lower than would otherwise be possible for T5/3 masses in the range 800–
1000 GeV. The reconstruction of the T5/3 mass benefits as well and this can, in the event of
a discovery in the future, be used to distinguish a T5/3 from other exotic particles which de-
cay in a similar manner. (See Appendix A for figures illustrating the agreement of data with
background predictions and showing the reconstructed top partner mass.)
In summary, a search for an exotic top partner with charge 5/3 in same-sign dileptonic events
has been performed using 19.5 fb−1 of data collected by the CMS experiment at
√
s = 8 TeV.
No significant excess is observed in the data above the expected standard model background.
An upper bound at the 95% confidence level is set on the production cross section of heavy
top-quark partners assuming a 100% branching fraction for the decay T5/3 → tW, and masses
below 800 GeV are excluded. This is the first limit on T5/3 production from the LHC and it is
significantly more restrictive than the 365 GeV limit set by previous searches.
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A Additional Kinematic Distributions
Additional figures are provided to illustrate the agreement of data with background predic-
tions and to show the reconstruction of the T5/3 mass. Figure 3 gives the HT distribution after
the requirement of same-sign dileptons, the Z-boson veto, and a requirement of at least two
jets. Figure 4 shows the distribution of the reconstructed T5/3 mass. The mass of the T5/3 quark
can be reconstructed when the decay of one of the top-quark partners leads to same-sign lep-
tons and the decay of the second partner is fully hadronic. The selection for this distribution
requires same-sign leptons, the Z-boson veto, and the presence of enough jets to reconstruct
a top quark and a W boson using any combination of top-quark jets, W-boson jets, and AK5
jets. Top-quark and W-boson jets are assumed to correspond to the respective particles, while
combinations of AK5 jets are required to have an invariant mass consistent with the particles
from which they originate.
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Figure 3: The distribution of HT for all channels combined, after after the requirement of same-
sign dileptons, the Z-boson veto, and a requirement of at least two jets. The shaded band
represents the total uncertainty in the predicted backgrounds. The final bin includes all over-
flow events. The pull is defined as the difference between the observed and expected values
divided by the total uncertainty.
This selection differs from the one used for computing the 95% CL limit: not every event used
for the limit setting has jet combinations that result in a top quark and a W boson and there
is no HT requirement in the selection used for the T5/3 mass reconstruction. The T5/3 mass
distribution is consistent with the exclusion of the T5/3 in this mass range: no excess is observed
and the jet content of the data is different from that of the signal. The nine data events contain
only AK5 jets whereas even at the relatively low mass of 600 GeV, 75% of T5/3 events for
which the mass can be reconstructed are expected to have at least one W-boson jet and 17% are
expected to have at least one top-quark jet.
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Figure 4: The distribution of the reconstructed T5/3 mass for the data, the background, and
three signal mass points. The background is dominated by the contribution due to non-prompt
leptons and also contains much smaller contributions due to ttW, ttWW, ttZ, WWW, same-
sign WW, and charge misidentification. The shaded band represents the total uncertainty in
the predicted background.
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